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Metallic optical systems can conﬁne light to deep subwavelength dimensions, but verifying the level of
conﬁnement at these length scales typically requires specialized techniques and equipment for probing the near
ﬁeld of the structure. We experimentally measured the conﬁnement of a metal-based optical cavity by using the
cavity modes themselves as a sensitive probe of the cavity characteristics. By perturbing the cavity modes with
conformal dielectric layers of subnanometer thickness using atomic layer deposition, we ﬁnd the exponential
decay length of the modes to be less than 5% of the free-space wavelength (λ) and the mode volume to be of order
λ3/1000. These results provide experimental conﬁrmation of the deep subwavelength conﬁnement capabilities
of metal-based optical cavities.
DOI: 10.1103/PhysRevB.85.245445 PACS number(s): 73.20.Mf, 42.79.Gn
I. INTRODUCTION
A central goal of cavity quantum electrodynamics (CQED)
is to alter the density of optical states—in both space and
frequency—at the location of an emitter.1,2 The motivation
is especially clear in the weak-coupling regime, also known
as the Purcell regime, in which Fermi’s golden rule can be
used to show that the spontaneous emission rate of an emitter
is directly proportional to the local density of optical states.
To date, a particular focus of the ﬁeld has been developing
dielectric structures that can achieve high degrees of spectral
conﬁnement, as characterized by the cavity quality (Q).1,2 At
the other extreme, drawing on advances in Raman scattering
and the rising interest in plasmonics, it has recently been
shown that metal-optical structures should be able to achieve
sufﬁcient spatial conﬁnement to achieve CQED effects such
as enhanced spontaneous emission despite the poor spectral
conﬁnement (i.e., low Q) that results from using lossy metals
at optical frequencies.3–12
Cavity Q can be measured using a variety of techniques,
including directly from a far-ﬁeld emission spectrum. In
contrast, measuring the spatial conﬁnement typically requires
specialized techniques such as scanning near-ﬁeld optical
microscopy (SNOM),13,14 photon localization microscopy,15
cathodoluminescence (CL),16 and coating cavities in photo-
sensitive polymers.17,18 Several of these techniques can yield
detailed maps of relative ﬁeld intensity, but each suffers from
drawbacks such as requiring expensive equipment (as in the
case of SNOM, CL, and photon localization microscopy) or
being difﬁcult to quantify (photopolymerization).
Here, we present a more general and more sensitive
approach to measuring the conﬁnement of metal-based optical
cavities. By coating the cavity in successive conformal layers
of dielectric, we red-shift the cavity resonances by an amount
proportionaltothestrengthoftheﬁeldatthatlayer.Ultimately,
this approach yields a measurement of the evanescent decay
of the cavity modes in structures with high aspect ratio and
occluding top structures. The conﬁnement can be measured
with nanometer resolution, although the measured values of
conﬁnementarenotstrictlyequaltothoseoftheoriginalcavity
because the modes are perturbed by the deposited dielectric
layer. This approach could be viewed as a variant of the
approach used by Zhang et al.,19 in which the dependence
of plasmonic resonances on cavity geometry was used to
determine conﬁnement. An important distinction between that
work and the one presented here is that our approach can
be used to measure conﬁnement of individual cavities. In




The fabrication of the cavities used in this investigation
has been described previously.20 The key criterion governing
this cavity design was control over the cavity characteristics.
This concern required that the metal surfaces be smooth (less
than 1-nm rms) and that the critical dimension of the cavity—
the gap between metals—be uniform. A silver substrate
of subnanometer rms roughness was prepared via template
stripping from an atomically ﬂat Si wafer. This substrate was
covered in a dielectric stack consisting of 5-nm sputtered
SiN, one to two monolayers of PbS colloidal quantum dots
(Evident), and 5-nm sputtered SiN. Silver nanowires (Blue
Nano) of diameter ∼100 nm and length ∼1–30 μm were then
deposited in a droplet of ethanol that was allowed to dry. A
schematic diagram of a cavity is shown in Fig. 1.
Toprobecavityconﬁnement,emissionspectraofindividual
cavities were measured as conformal layers of Al2O3 were de-
posited in ∼1.8-nm increments using atomic layer deposition
(ALD), as illustrated schematically in Fig. 2(a).A L D i s a
chemical deposition process in which sequential pulses of pre-
cursors (in our case, deionized water and trimethylaluminum)
react on the substrate to form a single molecular layer (Al2O3,
in our case).21 The self-limiting nature of this deposition
method has been shown to yield very smooth and conformal
coatings.21 Deposition was performed in a commercial system
(Savannah S200, Cambridge NanoTech) at 50◦C, yielding
individual layers of Al2O3 that were ∼0.12-nm thick with an
indexofn ∼ 1.5,22 asconﬁrmedbya115cycledepositionona
freshly cleaned Si wafer. Each ∼1.8-nm deposition consisted
of 15 ALD cycles. Cavity emission spectra were measured
using room-temperature microphotoluminescence. Light from
a532-nmcontinuous-wavelaserwasdirectedthrougha100×,
0.5 numerical aperture microscope objective onto the sample
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FIG. 1. (Color online) Schematic diagram of a cavity with a
dielectric core composed of SiN, PbS nanocrystals, and SiN. Typical
nanowire (NW) length and diameter are ∼1 μm and 100 nm,
respectively. Typical gap spacing dg is 15–20 nm. Inset: Cross-
sectional plot in the x-z plane of a simulated electric-ﬁeld proﬁle
in a cavity with a 20-nm gap. Part of the cavity mode is conﬁned to
the area adjacent to the line of contact between the NW and dielectric
core, as indicated with arrows.
in the direction normal to the substrate (i.e., along the z axis).
Fluorescence from the optically excited PbS quantum dots
(∼850-nm center wavelength, ∼200-nm spectral width) was
collectedthroughthesamemicroscopeobjectiveandanalyzed
using a grating spectrometer.
Each deposition of Al2O3 led to a red-shift of the cavity
modes [see, e.g., Fig. 2(b)]. This red-shift occurred because
the deposited Al2O3 displaced a small, thin volume of air and
therebyincreasedtheindexrefractionwithinthatvolumefrom
1.0 to ∼1.5. The effect of this index change on the frequencies
of the cavity resonances was approximately proportional
to the amplitude of the cavity mode within the deposited
layer (assuming that the thickness of the deposited layer
is sufﬁciently thin to cause negligible change in the modal
proﬁle). Although the majority of the ﬁeld energy of the mode
is conﬁned within the metal layers and the SiN, PbS, SiN
dielectric core of the cavity, a signiﬁcant fraction of the mode
extends into the region adjacent to the line of contact between
thenanowireandthedielectriccore(inset,Fig.1),anditisthis
portion of the cavity modes that is perturbed by the deposited
Al2O3. The magnitude of the red-shift therefore decreased
exponentially for each successive layer as a result of the
exponential decay of the cavity modes away from the cavity.
Measuring the red-shift of the cavity resonances as a function
of Al2O3 thickness therefore provided a direct measurement
of the cavity conﬁnement.
Measurements were performed on a total of seven cavities,
allofwhichshowedsimilarresonanceshifts.Inaddition,three-
dimensional ﬁnite-difference time-domain (FDTD) simula-
tions (Lumerical Solutions, Inc.) were in excellent agreement
with the experimental measurements [see Fig. 2(c)]. For
these simulations, silver material parameters were taken from
Johnson and Christy;23 the SiN, PbS, SiN layer was modeled
as a uniform dielectric layer of index 1.6 and thickness 20 nm;
and the Al2O3 coating layer was modeled as a fully conformal
dielectricofindex1.5.Thelengthanddiameterofthemodeled
nanowire were 1.28 μm and 100 nm, respectively, matching
the measured dimensions of the cavity in Fig. 2(b).
III. DISCUSSION
The peak wavelengths of all modes from all experimentally
measured cavities were plotted versus ALD thickness, and
the dependence was ﬁt with a function describing exponential
saturation:
f(d) = λ0 +  λ(1 − e−d/d0), (1)
where d is the Al2O3 thickness, d0 is the characteristic
thickness of Al2O3 that describes the exponential saturation
of the resonance shift, λ0 is the wavelength of the unshifted
mode, and  λ is the saturation value of the shift, i.e., the shift
thatwouldbeinducedbyinﬁniteAl2O3 thickness.Thissimple
formulaaccuratelydescribesthedependenceofthedataonthe
Al2O3 thickness (Fig. 3).
The characteristic thickness d0 determined from ﬁts using
Eq. (1) cannot simply be interpreted as a decay length of
the cavity mode. This is for two reasons, both relating to
the particular geometry of our cavity. First, there is no single
FIG. 2. (Coloronline)(a)SchematicillustrationofconformalatomiclayerdepositionofAl2O3 onananowirecavity.(b)Photoluminescence
measurements of a single cavity after successive ∼1.8-nm depositions of Al2O3, vertically offset for clarity. Al2O3 thickness in nm is indicated
for ﬁrst and last measurements. Nanowire length and diameter were 1.28 ± 0.01 μm and 105 ± 10 nm, respectively. (c) FDTD simulated
resonance spectra of a cavity with the same nanowire geometry as in (b). Different traces correspond to different thicknesses of the conformal
dielectriccoating,verticallyoffsetforclarity.Coatingthicknessincreasesin2-nmincrementsfrom0to14nm(indicated,innm,forﬁrstandlast
traces).
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FIG. 3. (Color online) Example analysis of conﬁnement from a
single cavity. (a) Peak wavelengths extracted from Figs. 2(b) and 2(c)
(Exp. and Sim., respectively) plotted vs thickness of ALD-deposited
Al2O3. Solid and dashed lines are ﬁts to Exp. and Sim., respectively,
using Eq. (1). (b) Schematic model used to ﬁnd the exponential
decay length of the cavity mode, s0 = 2(rd0)1/2,w h e r ed0 is the
characteristic ALD thickness found from the ﬁt using Eq. (1) and r
is the radius of the nanowire.
characteristic decay length of the modes in our cavities: they
decay evanescently in all directions away from the cavity, and
the rate of decay depends strongly on position and direction
relative to the metal surfaces. In particular, in the region of
the cavity adjacent to the line of contact between the nanowire
and dielectric core, the cavity modes decay rapidly away from
the metal surfaces (i.e., in directions approximately parallel
to the z axis near the line of contact), and they decay more
slowly in directions approximately parallel to the x axis, such
as directions parallel to the arrows in the inset of Fig. 1.F o r
the purposes of measuring conﬁnement, we are interested in
the longest characteristic decay length of the cavity modes,
and so this is what will be meant by the symbol s0. Second, the
thickness of Al2O3 is measured in a direction perpendicular
to the surface on which it is deposited (i.e., in directions
approximately parallel to the z axis near the line of contact),
and in our case this direction is not parallel to the direction
in which we wish to measure the decay of the cavity modes
(i.e., directions approximately parallel to the x axis). As can
be seen from the schematic diagram in Fig. 3(b), the lateral
extent, s,o ft h eA l 2O3 can be approximated as s ∼ 2(rd)1/2,
where r is the radius of the nanowire (typically r ∼ 100 nm).
This allows us to ﬁnd the longest characteristic decay length
of the cavity mode as s0 ∼ 2(rd0)1/2. Values for the ﬁts shown
in Fig. 3(a) are given in Table I.
TABLE I. Fitting parameters for the ﬁts shown in Fig. 3(a).
λ0 (nm) s0 (nm)  λ/λ0
672.5 ± 9.9 33.3 ± 7.1 0.125 ± 0.010
739.6 ± 1.1 36.3 ± 2.4 0.121 ± 0.003
818.7 ± 0.8 36.7 ± 1.5 0.133 ± 0.002
924.8 ± 3.0 36.6 ± 10.8 0.130 ± 0.022
Fits were made to the modes of all measured cavities
(24 modes from seven cavities), yielding best-ﬁt values for
λ0,  λ, and s0 for each mode (Fig. 4). Figure 4(a) shows
the distribution of characteristic decay lengths, which all lie
in the range 30 <s 0 < 40 nm. These values of s0 are only
∼5% of the free-space wavelength (the shortest-wavelength
mode observed was ∼675 nm), yielding direct experimental
evidence of the deep subwavelength conﬁnement capabilities
ofourstructure.Comparisoncanalsobedrawnbetweens0 and
the evanescent decay length into the dielectric of a surface-
plasmon polariton (SPP) at a single silver-dielectric interface,
which is comparable to λ at the frequencies considered here.
ShowninFig.4(b)areextractedvaluesoffractionaltuning,
 λ/λ0. This quantity is monotonically related to the fraction
of the mode energy contained in the deposited Al2O3 in the
limit of inﬁnite Al2O3 thickness. Quantitatively, it depends
on the cavity geometry and how the mode proﬁle is modiﬁed
by the deposition of Al2O3. Qualitatively, a larger fractional
tuning is observed when a greater fraction of the mode energy
iscontainedintheAl2O3.Forexample,aresonatorforsurface-
plasmonpolaritons(SPPs)atasinglemetal-dielectricinterface
would have  λ/λ0 ∼ 0.5 in the near-infrared spectral range.
This is because more than 90% of the energy of an SPP at a
single surface resides in the dielectric region.24
In the case of our gap-mode cavity, we observe  λ/λ0
∼ 0.12. The fractional tuning in our cavities is signiﬁcantly
smaller than in structures with a single metal-dielectric
FIG. 4. (Color online) Experimental conﬁnement characteristics
extracted from ﬁts to 24 modes from seven different cavities using
Eq.(1)andFig.3(b).Modesfromthesamecavityarelabeledwiththe
samecolorandsymbol.(a)Histogramandwavelengthdependenceof
mode decay lengths, s0. The average decay length is less than 5% of
both the free-space wavelength and the corresponding decay length
of a surface-plasmon polariton at a single metal-dielectric interface.
(b) Fractional shift  λ/λ0. The small fractional tuning conﬁrms that
the majority of the mode energy is conﬁned within the metals and the
SiN, PbS, SiN dielectric gap of the as-fabricated cavity.
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interface because the gaplike character of the modes in our
cavities conﬁnes the majority of the mode within the metal
layers and the SiN, PbS, SiN dielectric core (see Fig. 1 inset).
These two parameters—the measured evanescent decay
length of the modes and the fractional shift of the cavity
resonances—provide direct experimental evidence of the
deep subwavelength conﬁnement capabilities of plasmonic
nanocavities. For the cavity measured in Fig. 2(b),t h e
measured decay length allows us to estimate the cavity mode
volume as V ∼ 1.28 × 0.08 × 0.02 μm = 2 ×10−3 μm3 ∼
3 × 10−3λ3, where we have estimated the extent of the
mode in the x direction to be ∼ 2s0 and the extent in the
z direction to be approximately equal to the gap spacing
dg ∼ 20 nm. The mode volume can also be normalized to
the value of the wavelength within the gap dielectric, λD =
λ/n, rather than to the free-space wavelength. This yields
V ∼ 3 × 10−3(nλD)3 ∼ 1.2 × 10−2λ3
D, where we have used
the estimate of n ∼ 1.6 for the effective index of the SiN, PbS,
SiN multilayer.
This experimental estimateofV compares well withvalues
calculated from FDTD simulations. For these calculations,
we used the deﬁnition of Foresi et al.,25 with the same
minor correction used by Miyazaki and Kurokawa:9 the
energy density was normalized not to its maximum value
in the whole region but to the maximum within the center
of the dielectric gap (the approximate location of the PbS
nanocrystal layer). Discretized calculations such as FDTD
can have large singular electric ﬁelds at the surfaces of metal
regions that, when used to normalize the mode energy, result
inunrealisticallysmallvaluesforV.Withthisprescription,we
ﬁnd V ∼ 1.3 × 10−3μm3 for the cavity simulated in Fig. 2(c)
(without Al2O3 coating), in approximate agreement with the
experimentally determined estimates.
The ability to continuously vary the resonances of our
nanocavitymayhaveadditionalusesbeyondmetrology.When
characterizing weak and strong cavity-emitter coupling, it is
useful to spectrally tune the frequency of the cavity mode
relative to that of the coupled emitter (see, e.g., Ref. 26),
and we are currently pursuing cavity designs that incorporate
narrow-band emitters for this purpose.
IV. CONCLUSION
We have utilized the ﬂuorescence of coupled broadband
optical emitters to characterize the conﬁnement of a gap-mode
plasmonic nanocavity. Our results show experimentally that
our cavity conﬁnes light to deep subwavelength dimensions
(V ∼ 3 × 10−3λ3), in agreement with numerical simulations.
These results conﬁrm that plasmonic structures are capable
of strong conﬁnement on the scale predicted by classical
electrodynamics, paving the way for observation of large
CQED effects in metal-optical devices.
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